Cells expressing ricin B chain within the secretory pathway are significantly more resistant to intoxication by ricin holotoxin but not to other cytotoxins that exploit similar endocytic routes to the cytosol. Furthermore, cells expressing the related B chain of abrin are protected against both incoming abrin and ricin. These phenotypes can be correlated with the abilities of the respective B chains to form disulphide-linked A-B holotoxins, since abrin B chain forms heterodimers with either abrin or ricin A chains, whereas ricin B chain forms heterodimers with ricin A chain only. In the ricin B-expressing cells, this newly made lectin disappears with biphasic kinetics comprising a retention phase followed by slow turnover and disposal after disengagement from calnexin cycle components. Interference with ricin cytotoxicity occurs during the early retention phase when ricin B chain is associated with PDI (protein disulphide-isomerase). The data show that retrotranslocation of incoming toxin is impeded by PDI-catalysed formation of heterodimers between endogenous B and A chains derived from reduced holotoxin, thus proving that reduction of ricin occurs in the endoplasmic reticulum. In contrast with other toxins, ricin does not appear to require either proteolytic cleavage or unfolding for PDI-catalysed reduction.
INTRODUCTION
Ricin, a toxin purified from the seeds of the castor-oil plant Ricinus communis, is capable of killing mammalian cells by irreversibly removing a specific adenine residue from a highly conserved loop present in the 28 S rRNA of ribosomes [1] . Since this purine is required for binding the EF-2 ternary complex to the ribosome, the result is a cessation of protein elongation leading to a halt in protein synthesis and, ultimately, cell death. Structurally, ricin is composed of a glycosylated A chain, RTA (ricin toxin A chain; molecular mass 32 kDa), which bears the toxic rRNA-specific Nglycosidase activity, covalently linked by a reducible disulphide bond to a glycosylated D-galactose-and N-acetylgalactosaminespecific lectin, the B chain (RTB; molecular mass 34 kDa) [2] . When ricin is applied externally to mammalian cells, both cell internalization and membrane translocation steps are required for a toxic effect [3] . The former is initiated by RTB, which binds exposed cell-surface galactosyl residues. The bound toxin is subsequently endocytosed with a portion undergoing retrograde transport from the Golgi to the ER (endoplasmic reticulum) [4] [5] [6] . From the ER, either holotoxin or reduced RTA then enters the cytosol by exploiting the route of misfolded substrates for ERassociated proteolytic degradation [7] [8] [9] . For RTA to act, it must be reductively cleaved from RTB to release a steric block of the active site [10, 11] .
ER proteins have been implicated in the reduction of cholera toxin [12] [13] [14] and PE (Pseudomonas exotoxin A) [15] , two ERtranslocating toxins that are structurally and functionally distinct from ricin. Indeed proteolytically nicked A chains of cholera toxin can be reduced in vitro using mixtures of GSH and GSSG in the total absence of ER proteins [12] [13] [14] . However, for ricin, neither the site of reduction nor the identities of proteins involved in this modification have been formally demonstrated. It has been reported that a non-reducible, covalently coupled ricin holotoxin remains cytotoxic to mammalian cells, suggesting that both subunits may translocate to the cytosol where proteolysis is able to liberate a catalytic fragment [16] . In contrast, co-expression and targeting of ricin subunits to the ER lumen of transformed plant cells has strongly supported the model that only free RTA is competent for retrotranslocation from ER to the cytosol [17, 18] . In such cells, the pronounced toxic effect observed when newly synthesized, glycosylated RTA is retrotranslocated across the plant cell ER can be mitigated when both RTA and RTB subunits are simultaneously expressed. In this situation, heterodimers are formed in the ER lumen that appear incapable of retrotranslocation but that are now competent for secretion [17] .
It has been observed that expression of RTB alone in microinjected Xenopus laevis oocytes led not to its secretion but to intracellular entrapment in an endo H (endoglycosidase H)-sensitive form [19] . Similarly, RTB expressed in the secretory pathway of Saccharomyces cerevisiae remained intracellular [20] . In such systems, RTB, in the absence of its partner RTA, appears to be retained in the early endomembrane system, perhaps by longlived interactions with molecular chaperones or other proteins.
We reasoned that if entrapment of ER-targeted RTB in the early secretory pathway occurred in mammalian cells also, its presence might interfere with toxicity from a subsequent challenge with holotoxin. We report here that the continual synthesis of RTB does indeed protect these cells from a subsequent ricin challenge, but not from other unrelated toxins known to traffic to the ER before their retrotranslocation. Interestingly, cell lines stably expressing the related ATB (abrin B chain) rather than RTB were protected against both incoming abrin and ricin. Low concentrations of DTT (dithiothreitol) disrupted resistance to ricin indicating a thiol-mediated process. The site of interaction of endogenous RTB and incoming ricin occurred in the ER lumen, and PDI (protein disulphide-isomerase) could be coimmunoprecipitated with endogenously expressed RTB. Furthermore, reduction of ricin by PDI could be recapitulated in vitro, confirming that ricin holotoxin, in the absence of further modifications such as proteolytic cleavage or unfolding, is a PDI substrate. The implications of these findings in relation to the reduction of ricin are discussed.
MATERIALS AND METHODS

Sources
Antibody against PDI was purchased from Stressgen Biotechnologies Corp. (Victoria, BC, Canada) and antibodies against ricin and abrin subunits were raised in rabbits by standard immunization. Radioisotopes were from Amersham Biosciences (Little Chalfont, Bucks., U.K.). RTB was purchased from Vector Laboratories (Burlingame, CA, U.S.A.), and ricin was from Sigma. Cross-linkers were obtained from Pierce (Cheshire, U.K.). Plasmids pIgplus and pDR2δEF1α were kindly provided by Awen Gallimore (IMM, Oxford, U.K.) and pLWRP62, which encodes mature human PDI carrying a His 6 -Met N-terminal tag, was a gift from L. Ruddock (Biocenter, Oulu, Finland).
Plasmid construction for expressing RTB and ATB in mammalian cells
To express B chains in the secretory pathway, a PCR-amplified DNA fragment encoding the CD33 signal peptide [21] was cloned into pDR2δEF1α followed by ligation of a PCR-amplified fragment of RTB-encoding DNA [22] or abrin-encoding DNA [23] to generate pJC877 and pJC878 respectively, in which expression is under the control of the mammalian EF1α promoter [24] . The predicted primary sequence of the encoded fusion protein comprises the CD33 signal peptide (amino acids 1-17), DKLAS (encoded by part of an original multiple cloning site), followed by residues encoding the relevant B chain.
Generation and maintenance of cell lines
HeLa cells, and stable cell lines derived from them, were maintained in DMEM/FCS (Dulbecco's modified Eagle's medium containing 10 % foetal calf serum). For production of cell lines, 3 × 10 5 cells were seeded in the wells of 6-well tissue culture plates. On the following day, each well was incubated with 1 ml of SFM (serum-free medium) to which was added 30 µl of a preformed complex of 0.7 µg pJC877 DNA or pJC878 DNA and 3 µl LIPOFECTAMINE TM (Gibco) made in PBS (pH 7.4). After 6 h, the SFM mix was replaced with DMEM/FCS. Cells were grown for 2 days before incubation in medium containing hygromycin (200 µg/ml), and hygromycin-resistant colonies were cloned after limiting dilution. Stable cell lines expressing RTB or ATB were identified after immunoblotting of detergent extracts of candidate colonies using appropriate rabbit antisera. In parallel, cells were transfected with pMCEFlacZ [25] , and a lacZ-expressing clone was chosen by β-galactosidase assay after clonal selection with 1 mg/ml G418. For growth rate estimates, cells were seeded at low density in 24-well tissue culture plates in 1 ml of DMEM/ FCS, grown and counted at daily intervals after trypsin treatment.
Binding and uptake of toxin
Iodination of RTB was performed using IODO-BEADS iodination reagent (Pierce Biotech) following the manufacturer's recommendations. To monitor binding affinities, cells were plated in triplicate into 24-well dishes at a density of 0.5 × 10 6 /well and incubated on ice for 2 h with binding buffer (PBS containing 20 % FCS) containing increasing concentrations of [ 125 I]RTB. Cells were then extensively washed with ice-cold PBS and removed for γ -counting. Scatchard analysis was performed on the data obtained. To monitor endocytosis, cells (0.5 × 10 6 /well) were washed with PBS, placed on ice and overlaid with 100 ng/ml [ 125 I]RTB in DMEM without FCS. Iodinated protein was allowed to bind for 15 min on ice followed by 15 min at 37
• C. Surfacebound RTB was removed by washing with ice-cold PBS containing 150 mM galactose, and incubation continued for 15 min on ice with SFM containing 0.3 % (w/v) pronase (Sigma). After centrifugation, the radioactivity, corresponding to endocytosed RTB, was measured in cell pellets.
Cell treatments, pulse-chase and immunoprecipitations
Cells seeded at 0.5 × 10 6 /well in 6-well plates and grown overnight were treated, where appropriate, with DMEM/FCS containing 10 µg/ml Tn (tunicamycin) (or 20 µM NaOH, the solvent carrier) for 6 h before sampling for immunoblots. In pulse-chase experiments, after washing twice with methionine/cysteine-free DMEM/FCS, incubation was continued for 30 min to deplete the intracellular pools of these amino acids. During this starvation period, cells could be treated with DMEM/FCS containing 10 µM clasto-lactacystin β-lactone (or 0.001 % DMSO solvent carrier), 10 µg/ml BFA (Brefeldin A) (or 0.001 % ethanol solvent carrier), 100 µg/ml CST (castanospermine), 2 mM DMM (deoxymannojirimycin) or various concentrations (0.25, 0.5 and 1 mM) of DTT. [ 35 S]Promix was then added to 70 µCi/ml for 15 min when the cells were washed twice before incubation in DMEM/ FCS, containing, where appropriate, clasto-lactacystin β-lactone, BFA, CST, DMM or DTT, so that these reagents were maintained throughout the experiment. At various time points, conditioned growth medium was collected, adjusted by the addition of protease inhibitors (Complete protease inhibitor cocktail; Roche, Basel, Switzerland), and stored on ice. Cell extracts were taken at the same time points by scraping into 1 ml of cold immunoprecipitation (IP) buffer (15 mM Tris/HCl, pH 7.5, 150 mM NaCl, 1 % Triton X-100, 0.1 % SDS and 2 mM NaN 3 containing Complete protease inhibitors). Extracts and conditioned growth medium were clarified by centrifugation (10 000 g, 4 min), and the clarified samples were tumbled with 50 µl of Pansorbin TM (Calbiochem, San Diego, CA, U.S.A.; Merck Biosciences, Poole, Dorset, U.K.) for 1 h. After centrifugation (10 000 g, 1 min), precleared samples were immunoprecipitated overnight using 3 µl of specific antiserum against RTB or PDI, together with 50 µl of 0.1 mg/ml Protein A-Sepharose (Sigma) pre-equilibrated in IP buffer. Immunoprecipitates were washed twice with IP buffer, twice with high urea buffer (100 mM Tris/HCl, pH 7.5, 2 M urea, 200 mM NaCl, 1 % Triton X-100 and 2 mM NaN 3 ), once with high-salt buffer (20 mM Tris/HCl, pH 7.5, 500 mM NaCl, 1 % Triton X-100 and 2 mM NaN 3 ) and once with 10 mM Tris/HCl (pH 7.5), 50 mM NaCl and 2 mM NaN 3 before PAGE. For endo H treatment, immunoprecipitates were suspended in 30 µl of 50 mM sodium citrate (pH 5.5) and 0.25 % SDS and heated for 5 min at 95
• C. After pelleting the Sepharose beads, endo H was added to 1 m-unit/ml to the soluble fraction, and reactions were incubated overnight at 37
• C. For co-immunoprecipitations, cells were washed twice with PBS after the labelling period and incubated in 10 mM NEM (N-ethylmaleimide) for 10 min at room temperature (22) (23) (24) • C), or with 2 mM BMH (bis-maleimidohexane) (or DMSO solvent control), or a mixture of 2 mM BMH and 4 mM Tris [2-carboxyethyl] phosphine, or with 2 mM disuccinyl suberate as appropriate for 15 min at room temperature. After washing twice with PBS, cross-linkers BMH and disuccinyl suberate were quenched by incubation of the cells with 100 mM 2-mercaptoethanol or 10 mM Tris/HCl (pH 7.5) respectively for a further 15 min at room temperature. Cell extracts were then taken and treated as before.
Cytotoxicity assays
Cells were seeded at 1.5 × 10 4 /well in a 96-well tissue culture plate, allowed to grow overnight and, after washing with PBS, were incubated for 4 h with 100 µl DMEM/FCS containing graded concentrations of ricin or other toxins, as indicated in the Figures. Subsequently, cells were washed twice with PBS and incubated in PBS containing 10 µCi/ml [ 35 S]methionine for 90 min. After washing the cells twice with PBS, labelled proteins were precipitated with three washes in 5 % (w/v) trichloroacetic acid, the wells were washed twice with PBS and the amount of radiolabel incorporated was determined after the addition of 200 µl of scintillation fluid, by scintillation counting in a MicroBeta 1450 Trilux counter.
Reassociation of heterodimeric toxins
RTA (50 µg) or bacterially expressed ATA (abrin isoform F A chain; [23] ) was mixed with 50 µg of purified RTB or plantderived ATB [23] in a total volume of 1 ml of PBS containing 0.1 M lactose and 2 % 2-mercaptoethanol. The mixture was dialysed overnight against 0.1 M lactose in PBS at 4
• C and then against PBS over three nights at 4
• C. Reassociated holotoxin was purified from free A chain on a 0.5 ml lactose-agarose column as described previously [26] . The appearance of A chain in the eluted fractions is diagnostic of a disulphide-bonded heterodimeric toxin.
Preparation of His-tagged recombinant PDI
Escherichia coli BL21(pLysS) transformed with pLWRP62 was grown to mid-exponential phase (A 600 0.3) and expression of PDI was induced by the addition of isopropyl β-D-thiogalactoside to 1 mM. After 4 h incubation, cells were harvested, suspended in 20 mM Tris/HCl, pH 8.0 (Buffer A), lysed by sonication and, after removal of insoluble material by centrifugation, the aqueous phase was loaded on to a 6 ml Ni 2+ column pre-equilibrated in Buffer A. After extensive washing with Buffer A containing 5 mM imidazole, bound proteins were eluted in Buffer A containing 20 mM imidazole. Fractions containing PDI were identified by immunoblotting, pooled, dialysed into 20 mM Tris/HCl (pH 7.3) and further purified on a Mono Q column, from where they were eluted with a 0-500 mM NaCl gradient. Fractions containing PDI were identified by SDS/PAGE and Coomassie Blue staining.
RESULTS
Expressed RTB is non-toxic to mammalian cells
HeLa cells were transfected with pJC877 and, after hygromycin selection, colonies were screened for stable expression of RTB by immunoblotting of detergent-soluble cell extracts ( Figure 1) . A number of cell lines (Table 1 ) expressed a polypeptide of ∼ 36 kDa that cross-reacted with a rabbit antiserum specific for RTB; of these, two (HeLa/RTB-H2 and HeLa/RTB-H12) were selected for further study (Figure 1 , lanes 4 and 6, black arrowhead). This polypeptide was approx. 2 kDa larger than native RTB purified from R. communis seeds (lane 1). Since RTB has two N-glycosylation sequons, this difference in mass may reflect differences in glycan processing between plant and animal systems. Alternatively, failure to cleave the CD33 signal peptide, if RTB were mistargeted, would result in a larger than expected polypeptide. To confirm correct ER targeting, cells were therefore pretreated with Tn for 6 h to produce a mature-sized, non-glycosylated RTB of 29 kDa (Figure 1 , lanes 5 and 7, open arrowhead), the expected mass [22] . A significant proportion of RTB, representing the fraction made before the 6 h Tn pretreatment, remained fully glycosylated, suggesting a slow turnover of this protein. 
Expressed RTB protects cells against ricin
Control cells [HeLa cells expressing β-galactosidase (HeLa/ LacZ), HeLa expressing hygromycin resistance and HeLa] and two RTB-expressing cell lines, HeLa/RTB-H2 and HeLa/RTB-H12, were treated with increasing concentrations of ricin and free RTA, and subsequent levels of protein synthesis were measured ( Figure 2 ). Expression of RTB within the secretory pathway clearly protected against ricin challenge, with both cell lines being significantly more resistant to ricin intoxication compared with control cells (Figure 2A ). In contrast, cells expressing ER-targeted RTB were not protected against free RTA added at doses known to permit fluid phase uptake along the productive pathway to the ER ( Figure 2B ) [27] [28] [29] . When cell line HeLa/RTB1, which protected 45-fold against ricin, was compared with cell line HeLa/RTB8, which protected only slightly against ricin (Table 1) , the former was found to contain four times the amount of RTB at steady state compared with that found in the less resistant cell line (results not shown). Thus higher expression levels of RTB in the ER lead to greater protection from ricin challenge.
Expressed RTB does not block cell-surface galactosyl residues or impair endocytosis
The protection against ricin provided by RTB in the endomembrane system might be explained by the secretion of functional galactose-binding RTB with subsequent blockade of cell-surface ricin-binding sites. Alternatively, intracellular binding of potential ricin receptors by the expressed RTB might interfere with their arrival on the cell surface to preclude holotoxin binding indirectly.
To examine these, cells were incubated with dilutions of [ 125 I]RTB at 0
• C to ensure binding but not uptake, and the amount of bound RTB was determined. Scatchard analysis revealed that there was no significant difference in the number of available surface binding sites or between the K d values of control HeLa/LacZ cells and those expressing RTB (Table 2 ). These figures are comparable with previously determined values for holotoxin binding to HeLa cells [30] . Thus the interference with ricin cytotoxicity did not involve a competition for ricin receptors between secreted RTB and added ricin. Internalization of ricin was also followed to determine whether endocytosis had been deleteriously affected by the expression of RTB. After binding of 125 I-labelled RTB to cells at 0
• C, the temperature was increased to 37
• C for 15 min to promote endocytosis, and the amount of [ 125 I]RTB that entered the cells was monitored after washing the cell surface with lactose to remove surface-bound RTB. Similar amounts of labelled RTB entered control and RTB-expressing HeLa cell lines (Table 2) .
Control and RTB-expressing HeLa cells were also treated with Cy-3-labelled RTB and Cy-3-labelled E. coli SLT (Shiga-like toxin 1) B chain, to examine cell entry and routing by immunofluorescence microscopy. No obvious differences between the cell lines were observed (results not shown). We also examined any possible perturbation of the toxin uptake pathway indirectly, monitoring the cytotoxic potency of four other protein toxins, PE, SLT, diphtheria toxin and the structurally and functionally related type II ribosome-inactivating protein, abrin. PE, SLT, diphtheria toxin or abrin was added to control and RTB-expressing cells and ongoing protein synthesis was measured as described above and IC 50 values were determined. There was no significant difference between the RTB-expressing cell lines and the control cell line for each toxin (results not shown). We conclude that the protective effect of expressed RTB against externally added ricin cannot be explained by events at the cell surface, or by interference with intracellular trafficking pathways or the translocation channels used by these toxins.
Formation of heterodimers explains the resistance to ricin
Strong protection was provided by ER-targeted RTB to incoming ricin, but no such protection was observed when these cell lines were challenged with abrin (Table 1) . Abrin is a lectin with close structural and functional similarity to ricin, including identical receptor binding characteristics [31] . On performing disulphide reassociation experiments with purified A and B chains of ricin and abrin in vitro, we found that whereas ATA and ATB, and RTA and ATB, were able to associate to form disulphide-bonded holotoxins, the combination of ATA and RTB (as might potentially occur in the early secretory pathway of RTB-expressing cells treated with abrin) could not ( Figure 3 ). This allowed us to predict that cells expressing ATB, a polypeptide that is competent to form disulphide bonds with both RTA and ATA, would show resistance to both holotoxins. Five ATB-expressing HeLa cell lines were therefore generated, and all of them exhibited significant resistance to both ricin and abrin holotoxins ( Table 1 ). The level of resistance could again be correlated to the varied levels of ATB expression, as for RTB (results not shown). It was therefore deduced that in vivo, newly expressed ER-localized RTBs or ATBs interfered with incoming toxin by forming disulphide-bonded heterodimers with the newly reduced A chains. Intoxication was attenuated only with permitted combinations of subunits.
ER-targeted RTB is largely retained in the early secretory pathway
To determine where in the cell the newly made RTB was interfering with internalized toxin, we first analysed the stability of the expressed protein. Since nascent RTB was delivered into the endomembrane system, the possibility of its secretion was examined. , the mixtures were loaded on to immobilized α-lactose columns and bound B chains/disulphide-linked holotoxins were eluted with 100 mM lactose. In each case, F represents flowthrough; E1-E3 represent samples of the eluted fractions. ATA was from a bacterially expressed abrin F isoform; ATB was from an abrin A isoform purified from Abrus precatorius seeds; RTA was bacterially expressed [46] ; RTB was purified from R. communis seeds. The asterisks denote a proteolytic breakdown product of ATA. shows that when cells were pulsed with radiolabelled methionine/cysteine for 15 min followed by a chase of up to 12 h, a small proportion of RTB was found in the medium. It was evident that the internal RTB remained sensitive to endo H, indicative of a glycoprotein trapped or cycling in the early secretory pathway ( Figure 4B ). In contrast, a form with partial endo H resistance was detected in the conditioned growth medium ( Figure 4C) , showing that RTB glycans could become terminally modified should transport through the Golgi occur. To test whether this material was secreted and not released from broken or dying cells, the cells were treated with BFA before and during pulse-chase analysis to redistribute Golgi contents to the ER ( Figure 4D ). The absence of
Figure 5 Expressed RTB was partially stabilized when proteasomes were inhibited
The relative amount of label incorporated into RTB was quantified after electrophoresis using a PhosphorImager. Results are displayed graphically, plotting the proportion of RTB retained in cell extracts against the time of chase, for untreated cells (᭺) and cells treated with clasto-lactacystin β-lactone (ᮀ).
RTB in the growth medium under these conditions shows that extracellular RTB has been genuinely secreted. We speculate that this unusual glycosylation pattern is that of a dimeric RTB that has a conformation permitting terminal glycosylation of only one of the four glycans present. Although non-reducing SDS/ PAGE revealed that homodimers containing disulphide-linked RTB proteins did not exist in the medium (results not shown), it remained possible that non-covalently associated B chains do occur. However, it is clear that most of the intracellular RTB, being endo H-sensitive, must be contained in the early secretory pathway. It should be noted that indirect immunofluorescence of the RTBexpressing cells did not show any obvious staining difference between these and control HeLa cells. Cross-reaction of the anti-RTB antibodies with unrelated cellular proteins is a probable explanation for this (Figure 1 and later) . Furthermore, at steady state, the presence of a small population of RTB in the relatively large volume of the ER lumen may preclude ready visualization.
Newly made RTB is subjected to ER quality control
Pulse-chase analysis of cells expressing RTB and quantification of immunoprecipitates revealed biphasic kinetics of disappearance, with an approx. 2 h retention phase followed by gradual disposal also with a half-life of approx. 2 h (Figure 5, circles) . Pulse-labelled RTB accumulated in the growth medium up to approx. 25 % of the total by the 9 h chase point (results not shown), and then gradually disappeared from the medium by an unknown mechanism. Secretion was not the only reason for the loss of intracellular RTB, since addition of the specific proteasomal inhibitor clasto-lactacystin β-lactone significantly retarded the disappearance of intracellular material, increasing its half-life by more than 2-fold ( Figure 5 , squares) but had no effect on the proportion secreted (results not shown). This suggested that a fraction of RTB was mislocated to the cytosol where it was being targeted for degradation by cytosolic proteasomes. Since RTB is a glycoprotein, we tested whether this disposal involved an earlier engagement with the CNX (calnexin) cycle [32] . Treatment of cells with CST to inhibit glucosidases and thereby prevent entry into the cycle enhanced the disappearance of RTB, reducing its half-life compared with untreated controls (Figure 6A, circles) . These results suggest that RTB normally interacts with CNX cycle components. To confirm this, cells were treated with DMM, an inhibitor of ER mannosidases, to extend interactions with CNX cycle proteins. In this situation, the half-life of pulse-labelled RTB was greatly extended (Figure 6A, squares) . Blocking the entry of RTB into the cycle (by CST) did not, however, sensitize the cells to ricin (Figure 6B ), as might have been predicted if interference with incoming holotoxin normally occurred when RTB was engaged with CNX cycle components. Consistent with this, the converse treatment to retain RTB in the CNX cycle using DMM did not result in an increased protection against ricin. Indeed, a slight sensitization was observed ( Figure 6B ). Together, these data suggest that although most RTB is eventually targeted to the CNX cycle for eventual disposal, the point at which it interferes with incoming ricin lies upstream, during the initial ER retention phase.
Thiol exchange is implicated in the protection against ricin
In the plant seed, where ricin is normally formed, RTB folds as part of a single-chain protein precursor comprising RTA and RTB domains separated by a small peptide linker. Subsequent processing into the heterodimeric toxin, the biologically active form, occurs after transport to storage vacuoles. To express functional RTB by itself would require the correct formation of four intra-chain disulphide bonds, leaving the most N-terminal cysteine residue (that normally couples with RTA) unpaired. This unpaired cysteine residue could be responsible for the relatively long early retention phase by acting as a thiol anchor to an ER chaperone. To test if thiol retention was involved in this relatively long first phase, HeLa cells ( Figure 7A ) and HeLa cells expressing RTB ( Figure 7B) were treated with DTT, and their ability to cope with a ricin challenge was tested. Concentrations up to 0.5 mM DTT had little effect on the cytotoxicity of ricin towards HeLa cells, but at 1 mM DTT, the cells were rendered approx. 3.4-fold more sensitive to toxin (Figures 7A and 7C ). Under these conditions, it is probable that reduction of ricin was more readily attained, facilitating release of RTA in the retrotranslocation compartment. Interestingly, very low levels of DTT (e.g. 0.25 mM) had a much more pronounced effect in sensitizing the normally ricinresistant RTB-expressing cells to toxin, with 1 mM DTT restoring sensitivity to that shown by the control HeLa cells treated in an identical way. The outstanding approx. 12-fold difference in the effects of 1 mM DTT between HeLa and HeLa/RB-H2 cells was clearly related to the presence of expressed RTB, most probably by promoting its release from an anchor and thereby relieving a block on ricin reduction.
A member of the PDI family would make a good candidate for such an anchor. Indeed, we have demonstrated in vitro that PDI was not only sufficient to reduce unmodified holoricin in the presence of GSH ( Figure 8A ), but also to associate ricin subunits in the absence or presence of GSH ( Figure 8B ). Furthermore, formation of PDI-catalysed mixed heterodimers occurred in a solution containing RTA and ATB ( Figure 8B ) but not when RTB was present with ATA (results not shown), consistent with our earlier observations on the protective effects of toxin B chains expressed in the ER. To investigate whether interaction with PDI caused retention of RTB in vivo, we pulsed RTB-expressing cells for 15 min to follow its fate during the 2 h retention phase that precedes CNX cycle interactions and turnover. We then immunoprecipitated RTB and PDI under various conditions ( Figure 9 ). In addition to the immunoselection of RTB (black arrowhead), rabbit anti-RTB antiserum cross-reacted with an irrelevant protein (molecular mass 58 kDa, grey arrowhead) that was not detectable using a sheep anti-RTB antibody (lane 1). A small fraction of the PDI pool is also radiolabelled during the short pulse, revealing a band migrating with the expected apparent molecular mass of 55 kDa (white arrowhead). Significantly, when cells were treated with 10 mM NEM to block disulphide exchange, a fraction of the labelled RTB could be co-immunoprecipitated with anti-PDI antibodies (asterisk, lane 5). The absence of a reciprocal co-precipitation of PDI using an anti-RTB antibody was not surprising, given the very large pool of unlabelled PDI present in the cells. Treatment of cells with the irreversible homobifunctional thiol-cross-linker BMH in the presence of Tris [2-carboxyethyl] phosphine, a reductant that does not interfere with the BMH reaction, resulted in the co-precipitation of a complex with an apparent molecular mass of ∼ 90 kDa (asterisk, lanes 8 and 9; compare with lanes 6 and 7), consistent with a cross-linked product of PDI (55 kDa) and mammalian-expressed RTB (36 kDa). This product cannot be co-immunoprecipitated after BMH treatment alone (lanes 10 and 11), confirming that the interaction between RTB and PDI is between bridged thiols that require reduction before cross-linking with BMH is possible. Taken together, these results support an in vivo interaction between newly synthesized RTB and PDI in the retention phase before the fate of RTB is determined by interactions with CNX cycle proteins.
DISCUSSION
In dissecting events during ricin uptake into cells, an unresolved question concerns the site of holotoxin reduction. We reasoned that since separated RTA and RTB can readily reassociate, the presence of excess RTB at the intracellular site of reduction in mammalian cells should interfere with ricin toxicity by acting as end-point receptors for any newly reduced RTA monomers. By identifying the molecules that interact with RTB at that time, we should determine some of the cell constituents that are important for the toxicity of ricin. To this end, we created cell lines expressing RTB directed to the ER via a mammalian signal peptide. Expression of such RTB significantly protected cells against a subsequent ricin challenge. Explanations such as secretion and re-binding of RTB at the cell surface to reduce the overall number of available surface binding sites, or interference with toxin routing, were ruled out. Endogenous RTB cannot interfere with the transport, reduction and/or retrotranslocation of incoming, plant-derived ricin by binding its glycans, because any galactose in the RTA glycan would be (non-substrate) β-1,3-linked [33] , and RTB in the ricin used here, purified from R. communis, is endo H-sensitive [34] and will not contain terminal galactose.
The observed protection was specific to ricin, since there was no protection against other toxins, or indeed against abrin, a closely related toxin whose subunits can reassemble with those of ricin in certain combinations. We have shown that an RTB-ATA heterodimer does not form readily in vitro, suggesting that protection against incoming toxin, or the lack of it, depends on the capacity of RTB to form heterodimers. In contrast, when ATB was being expressed, such cells were protected against both ricin and abrin intoxication (but not other unrelated toxins), exactly as predicted by these rules of permissible mix and match, which we demonstrated here, and which confirmed an earlier study of hybrid toxins where the RTB-ATA combination was formed very inefficiently, possibly because of repulsion at the interface of these acidic subunits [35] . Since RTB and ATB exhibit identical sugar (receptor) binding ability towards HeLa cells [30] , the specific protection against ricin cannot be explained by competitive binding to internalized receptors. We can therefore rule out the possibility that expressed RTB competes with incoming ricin but not with incoming abrin for receptors in the Golgi or elsewhere to prevent the holotoxins reaching the ER.
The critical reduction and association events occur in the ER. Newly made RTB was stable for approx. 2 h before gradually disappearing. While a proportion was secreted, the intracellular fraction remained sensitive to endo H, supporting localization within the early secretory pathway. Reagents blocking entry into or out of the CNX cycle showed that intracellular RTB remained within the ER lumen and that the gradual disappearance seen during kinetic analysis occurred after interactions with ER proteins involved in quality control. Cytosolic degradation of RTB was shown by a significant stabilization of the protein in cells when proteasomes were inhibited. The most plausible explanation for the extended ER residence of RTB and its eventual degradation is the absence of its cognate binding partner, RTA. As a solo subunit, RTB is probably scrutinized by the ER quality-control machinery, eventually leading to its disposal or eventual secretion.
So, how can the striking protection against ricin holotoxin provided by ER retention of RTB be explained? The large effects of low concentrations of DTT show that the interfering RTB is ER-localized by a thiol-mediated retention mechanism. Since there is a long RTB disposal phase involving interactions with the CNX cycle, a candidate partner for thiol-mediated interactions would be ERp57, the PDI homologue intimately associated with CNX [36, 37] . However, inhibiting entry or exit of RTB into and from the CNX cycle did not affect the ability of RTB to protect against holotoxin and, hence, ERp57 cannot be involved. In vitro, we have demonstrated that ricin can be rapidly reduced under the same redox conditions that reduce cholera toxin [38] , but only when PDI is present, and we have shown that PDI can also form disulphide bonds between toxin A and B chains under the same conditions. In a separate study, PDI reduced by thioredoxin reductase has been shown to cleave reductively ricin holotoxin in vitro, but no in vivo interaction was demonstrated beyond the participation of thioredoxin reductase [39] . A small amount of PDI has been reported at the surface of some cell types [40] , but this has been shown not to reduce ricin holotoxin [41] . Similarly, PDI has been reported to occur in the cytosol [42] . Since there is no rationale for the cytosolic location of this protein, such a claim should be viewed with caution. The data we present demonstrate an ER location for both the thiol-mediated retention of newly made RTB and the reduction of incoming ricin. During the initial retention of RTB, we predict the formation of a disulphide bond between this subunit and PDI, since a thiol-specific homobifunctional cross-linking agent conjugates the two proteins only in the presence of a reductant. The purpose of this interaction is presumably to permit formation of the correct four disulphide bonds from the nine cysteine residues in the B-chain polypeptide.
Ricin holotoxin is not enzymically active [10, 11] and must be reduced to liberate an active A chain. Since we show that reduction of ricin in the presence of GSH but in the absence of PDI is very slow and inefficient, RTA must become separated from holotoxin before reaching the reducing cytosol. Thus it is the retrotranslocation of RTA, rather than of the holotoxin, that must be hampered in RTB-expressing cells. RTB-expressing cells show no resistance to other ER-retrotranslocating toxins, including the closely related abrin and, hence, steric hindrance of the translocation channels would seem unlikely. From the known combinatorial properties of abrin and ricin subunits and the finding that newly made PDI-tethered RTB intercepts incoming ricin holotoxin but not incoming RTA, we deduce that the equilibrium formed between oxidized and reduced holotoxin is altered to favour re-oxidation of holotoxin-derived RTA with excess RTB. Therefore we propose that holotoxin reduction must occur in the vicinity of the PDI-anchored B chains to reform translocationincompetent heterodimers immediately. It was not possible to detect these swapped subunit heterodimers by immunoprecipitation, even after metabolic labelling of the RTB subunit (results not shown), probably because the amounts of ricin reaching the ER are very small. The collective evidence shows that the ER and not Golgi or cytosol must be the site for ricin reduction and that this can normally be catalysed by PDI.
PDI has been implicated in the cell entry process of other, unrelated toxins that reach the ER lumen. Reductive release of the enzymic A1 chain of a proteolytically nicked CTA (cholera toxin A) has been shown to require the action of PDI in vitro [12, 15] . Furthermore, for proteolytically nicked CTA, PDI has been proposed to act in vitro as a binding chaperone and unfoldase, as well as a thiol exchange protein [38] , although this interpretation has been challenged [43] . In stark contrast with ricin, simple mixtures of GSSG and GSH, which approximate the ER redox conditions efficiently, reduce nicked CTA, indicating that PDI may simply augment its reduction [12] [13] [14] . Indeed, this may occur in the Golgi where cholera toxin reduction has been reported [44] . For PE, in vitro studies show that thermal or chemical unfolding of the proteolytically nicked holotoxin is required before PDI-catalysed reduction occurs [12, 15] . For both cholera toxin and PE, the eventual fate of the non-enzymic portions remains unclear. The implication from the present study with ricin is that non-enzymic fragments would eventually be dislocated to the cytosol for proteasomal degradation. In contrast with these bacterial toxins, proteolytic cleavage and unfolding before holotoxin reduction have not been implicated in the entry process of ricin, and we further demonstrate in vitro that unmodified holotoxin is a PDI substrate. Despite these differences, the emerging mechanism of ricin action reveals a common feature with structurally and functionally distinct toxins that traffic to the ER, pinpointing a role for PDI. The mechanism by which PDI achieves concomitant reduction of ricin holotoxin and reformation of disulphide-linked heterodimers is not known. PDI is a multifunctional protein catalysing the formation, reduction and isomerization of disulphide bonds [45] . It has also been reported to act as a redox-dependent [38] and -independent binding chaperone [43] . The precise nature of the interaction between PDI and ricin/RTB will be the focus of a separate study.
